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Abstract: This paper presents the development of an optical fiber-integrated smart textile used
as an instrumented pants for biomechanical and activity recognition. The optical fiber sensor is
based on the multiplexed intensity variation technique in which a side coupling between a polymer
optical fiber (POF) and light sources with controlled modulation is developed. In addition, the
sensor system is integrated into pants, where two POFs with 30 sensors each are placed on the
left and right legs of the proposed POF Smart Pants. After the device’s fabrication and assembly,
the 60 optical fiber sensors are characterized as a function of the transverse displacement on the
sensor’s region. In this case, each sensor presented its sensitivities (108.03 = 100 mV/mm),
which are used on the sensor normalization prior to the data analysis. Then, the tests with
volunteer performing different daily activities indicated the suitability of the proposed device
on the assessment of biomechanics of human movement in different activities as well as the
spatio-temporal parameters of the gait in different velocity conditions. For activity recognition, a
neural network is applied and presented 100% accuracy on the activity recognition. Then, to
provide an optimization of the number of sensors, the principal components analysis is applied
and indicated a threefold reduction of the number of sensors with an accuracy of 99%. Thus,
the proposed POF Smart Pants is a feasible alternative for a low-cost and highly reliable sensor
system for remote monitoring of different patients, with the possibility of customizing the device
for different users.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Life expectancy has continuously increased since the early days of human history, which resulted
in population aging. From 1950 to 2000, the elderly population (over 65 years) rose from 131
million in 1950 to 418 million in 2000, more than a threefold increase in 50 years [1]. The
longevity increase is the reflection of the society evolution with advances on public health,
medicine, economy and social development [2]. All these advances contribute to the control
of diseases, injuries prevention and reduction of premature deaths. Therefore, many health
conditions that were deadly in the past nowadays are treatable or curable. According to United
Nations (UN) reports, there are four trends in the global population: (i) population growth, (ii)
urbanization, (iii) international migration and the (iv) population ageing [2].

The continuous population ageing and the evolution as well as the widespread of the technology
in general, but mostly in sensors technologies have enable the development of wearable sensors
technologies. Such new advances lead to increasing demands on the sensors technologies,
especially in terms of wireless connectivity, portability and autonomy [3]. Moreover, there are
also increasing demands for new (and high performance) sensors for parameters monitoring in
wearable applications for healthcare [4].

In this way, wearable sensors can be used on healthcare applications [5], where the health
condition assessment is not limited to clinical environments [6]. Thus, it is also possible
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to monitor different physiological parameters for patients at home, especially for the elderly
population and people with locomotor disabilities [7]. These parameters can be divided in
kinect (or dynamic) and kinematic parameters for a biomechanics perspective to acquire the
angle/displacement and torques/forces in the human movement. In addition, the gait, as a key
human movement, involves many parameters such as ground reaction forces (i.e. forces applied in
the ground), spatio-temporal parameters (which is related to length and times related to the gait)
and plantar pressure mapping (i.e. pressure distribution on the feet during gait) [7]. Important
parameters for health assessment also include physiological and health-related signals such as
pulse oximetry, breath rate, arterial pressure and heart rate. Disturbances or abnormalities in
these parameters may be used as indicators to different diseases [8].

Among important parameters for remote monitoring of patients, the assessment and classi-
fication of different activities performed by the user provide important data regarding the user
daily routine and biomechanics of the movement [9]. In addition, the remote monitoring of
patients present important features related to emotional and psychological positive component in
monitoring the patient at home instead of hospitals or clinical facilities due to the possibility of
performing their daily activities and the sense of independent growth in the community [10]. To
that extent, the sensors integration in flexible devices and multifunctional structures.

Optical Fiber Sensing (OFS) technology is based on the interaction of a measurand with
the light guided in the optical fiber, which leads to variations in optical signal related to
the parameter of interest. The advantages of OFS over traditional electronic sensors include
compactness, lightweight, flexibility, immunity to electromagnetic interference, chemical stability
and multiplexing capabilities. Since the early studies of OFS in the 70s, there are a growing
number of research groups dedicated to the exploration of this technology [11]. Decades of
research led to the development of accurate optical fiber sensing, including several application
fields: healthcare, robotics, structural health monitoring, environmental monitoring, medicine
and many industrial technologies [12]. It is also important to mention that the mechanical and
geometrical features of the optical fibers, especially the ones made of polymers, make it possible
to integrate it in different textiles and fabrics. Such integration can be performed through stitching
[13], loom fabrics [14] and direct integration between fabric layers [15], where all these methods
lead to the full integration between the OFS and the textile without harming the textile’s flexibility
and movement of the user.

The optical fiber sensing approaches are commonly divided into distributed and non-distributed
approaches [16]. Among the distributed sensors, there are the continuous and quasi-distributed
approaches, where the continuous ones are related to the use of optical time or frequency domain
approaches for continuous monitoring of different parameters along the optical fiber [17]. This
approach also includes the use of nonlinear effects in the optical fiber such as Raman [18] and
Brillouin [19]. However, such sensors need bulk and costly equipment, which is not portable for
wearable applications. Some issues related to their dynamic signal acquisition in conjunction
with small spatial resolution can also be considered drawbacks in some of these approaches. To
that extent, quasi-distributed approaches using fiber Bragg gratings (FBGs) became a popular
optical fiber sensing technique for a variety of applications due to their multiplexing capabilities
and passive operation [20]. One of the drawbacks of the FBG sensors are related to the signal
acquisition units that are generally non-portable and have higher cost. Although efforts have
been reported for the development of lower cost and portable interrogators [21], FBGs still need
costly equipment for their inscription in optical fibers [22]. For this reason, the development of
portable and low cost techniques for distributed (or quasi-distributed) optical fiber sensors have
been proposed [23]. To that extent, the development of quasi-distributed sensors using intensity
variation-based sensors were proposed [24]. In this case, the development of sensors systems
for remote monitoring and wearable applications were proposed throughout the years using the
optical fiber integrated in different flexible structures [13].
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Artificial Intelligence (Al) is one area of computer science that focuses on the creation of
intelligent machines that normally requires human intelligence [25,26]. It includes adaptations,
learning processes, planning and even problem solving. Al algorithms are designed to make
artificial machines capture, store and analyze massive amounts of data. This actionable intelligence
allows for a more real-time decision-making process based on a situation that is as human as
possible [25]. The use of artificial intelligence on optical fiber sensors are thoroughly reported
throughout the years for applications in industrial process [27] and movement analysis [28]. In
these cases, the machine learning algorithms can extent the sensors performances and provide
the data classification [28] as well as the regression of different models [29].

This paper presents the development of optical fiber-integrated smart pants for the activities
classification and biomechanical assessment. In order to increase the system’s usability, the
optical fibers are directly integrated in the pants textile, resulting a in a transparent sensor system.
In addition, a portable signal acquisition unit is developed and placed inside the pants pocket.
The sensor is based on the multiplexing technique for intensity variation sensors, resulting in
a quasi-distributed sensor system with 60 measurement points (30 on each leg). A machine
learning algorithm is developed to provide the classification of the activities. The contributions
of this work are the novel optical fiber-integrated clothing accessory that can directly assess the
biomechanics of the lower limbers in conjunction with the possibility of remote classification of
many activities of the daily routine in a wearable device that does not harm the user’s movement
and without the privacy issues of cameras and image-based systems.

2. Materials and methods

The developed smart pants uses intensity variation polymer optical fiber (POF) sensors made
of polymethyl methacrylate (PMMA) optical fibers with 1 mm diameter and 10 we of cladding
thickness. The intensity variation technique is one of the simplest sensing techniques employed
in the OFS development. In the intensity variation approach, the optical signal is transmitted
from a light source through optical fibers and a transducer converts the optical power in electrical
power related to the variation of the medium through the light is transmitted [30]. Thus, the
sensitivity is related to the sensor alignment. Figure 1(a) shows the intensity variation technique
approach, where a physical variation in the optical fiber provokes a power variation in the output,
in addition to the fiber attenuation, which is present even in a straight fiber. The main advantages
of intensity-variation sensors are the ease of fabrication, simple detection system, simplicity in
signal processing and the low-cost performance.

Sensors based on intensity variation can be made by creating sensitive areas in a polymeric
optical fiber. In the approach presented in this work, the sensitive area is made by removing
the cladding and part of the fiber core through a lateral section. This increases the sensitivity
and linearity of signal attenuation when the optical fiber is bent. The light losses are due to
absorption and frustrated total internal reflection when in contact with the surface [11]. When
the bending occurs, the incident angle increases and creates a variation on the transmitted signal.
When the sensitive zone of the fiber is bending, there are higher losses due to this POF region that
has no cladding, increasing the radiation losses. Another source of loss is the surface scattering
caused by the coupling between higher and lower guided modes [30]. Figure 1(b) presents the
description of a fiber geometry considered in the POF sensor modeling. The sensitive zone is
represented by the section length given by ¢ and the section depth of removed material on the
fiber core denoted by p. The optical fiber length in Fig. 1(b) is given by L, meanwhile the optical
fiber diameter is d, and the curvature radius is R.

The setup of the Fig. 1(a) represents an individual sensor, since the whole fiber comprises
an unique measurement point and it is not possible to identify where the physical variation was
performed. With the creation of the sensitive zone, the sensor consists of this lateral section,
and it also represents a punctual sensor. However, it is possible to achieve a quasi-distributed
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Fig. 1. (a) Intensity variation technique approach: a straight fiber with an attenuation in the
output, and a bending in the fiber with a high power variation in the output provoked by the
physical variation. (b) Schematic representation of the sensitive zone.

sensor using a multiplexing technique in intensity variation-based sensors [23]. The multiplexing
technique consists of laterally coupling light sources, i.e. light emitting diodes (LEDs), to lateral
sections, and photodetectors at the fiber ends. An aluminum foil can be placed on the end facet
of the fiber to increase the reflectivity, and hence increase the optical power in the phototransistor.
Each LED side-coupled to the respective lateral section represents one sensor, which leads to
discrete points along the fiber, i.e. a quasi-distributed system. The LEDs activation is time
multiplexed, thus each LED is activated at time and its response is acquired by the photodetector,
and in the end all the sensors’ responses are acquired by a microcontroller. In this way, it is
possible to identify the physical variation applied to all these points (sensors) in the fiber. Figure 2
presents the setup of the intensity variation-based quasi-distributed sensors using the multiplexing
technique.
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In this case, two POFs with 30 lateral sections each are positioned on a fabric together with
two addressable RGB LED Strips (1 m, 60 LEDs) in which the LED activation and its color
are controlled via a communication bus. The flexible LED strip used as the light source are
laterally coupled to the lateral sections of the POF in both right and left legs. It is also worth
to mention that a Polydimethylsiloxane (PDMS) resin is applied on the LED strip and POF
to guarantee the positioning of the lateral sections on the LED regions as well as to avoid
misalignment between both components. Then, the textiles with each POF-embedded system
are sewed to the back part of neoprene pants. Therefore, each leg of the instrumented pants
has 30 sensors positioned on the back region of the pants. The microcontroller FRDM-KL25Z
(NXP Semiconductors, Netherlands) controls the LED activation sequence in a way that only one
light source is activated at a time. In addition, 16-bit analog-to-digital converters built into the
microcontroller are connected to four IF-D92 photodetectors (Industrial Fiber Optics, USA) for
optical-to-electrical conversion. Figure 3 presents a photograph and schematic representation of
the proposed POF-embedded smart pants.
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Fig. 3. (a) POF Smart Pants Sensors system schematic. (b) Identification of the sensors
system incorporated in the pants.

The first step on the POF smart pants application is the sensor characterization as a function of
the applied displacement. In this case, the sensor regions of the Smart Pants are positioned in a
universal testing machine, where controlled transverse displacements are applied on each sensor.
Such configuration enables the flexion of each sensor, which is a stress/strain state similar to
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the one that can be obtained in the movement analysis. The setup for transverse displacement
characterization is presented in Fig. 4, where the vertical displacement in the range of 1 mm to
5 mm is directly applied on each sensor. The results of this characterization enable the assessment
of the sensor sensitivities, which are used on the data normalization prior to the application of
the machine learning algorithms.
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Fig. 4. Curvature characterization setup.

After the sensors characterization, the application on the activities monitoring is proposed. It
is important to mention that all volunteers informed consent and the protocols were approved by
Research Ethics Committee through the National Commission in Research Ethics — CONEP -
(Certificate of Presentation for Ethical Appreciation - CAAE: 41368820.3.0000.5542). Moreover,
7 different activities involving the lower limbs are performed to evaluate the ability of the smart
pants in the identification of different movements, as shown in Fig. 5. The activities consists of:
(i) walking slow, (ii) walking fast, (iii) squatting, (iv) sitting on a chair, (v) sitting on the floor, (vi)
front kick and (vii) back kick. A feed-forward neural network (FFNN) is designed to perform the
classification of the 7 activities using the 60 sensors (30 for each leg) as input data. In addition,
a principal components analysis (PCA) technique is used to select the most significant sensors
and to reduce the number of sensors in the system, which enables the possibility of optimizing
the number of sensors and their positioning, resulting in simpler assembly/manufacturing of the
system as well as lower computational cost on the signal processing.

The FFNN is a simple type of neural network commonly employed in several applications.
The FFNNs have three main layers: input layer, hidden layer, and output layer, as shown in Fig. 6.
The input layer is connected to the hidden layers, which are connected to the output layer. The raw
data comprise the input layer. There are weights on the connections between the input and hidden
layers, and these weights combined with the input layer determine the activities of the hidden
units. Similarly, there are weights on the connections between the hidden layers and output layer,
and these weights combined with the hidden layers determine the activities of the output layer.
The advantage of the FFNN architecture is the ability of the hidden layers in choosing their
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Fig. 5. Activities recognition protocol for the user with the POF Smart Pants.

representations of the inputs by suitably modifying these weights [31]. Considering, Fig. 6, x;
and x; are the inputs from each leg, where each input is a matrix with 30 vectors, one for each
sensor of the respective leg.
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Fig. 6. FENN architecture used on the activity classification of the POF Smart Pants.

After training, the network learns to recognize certain inputs and returns the correct outputs.
Therefore, the objective of the network training algorithm is to build a mapping between the
input-outputs samples to form the relationship. This mapping could be a classifier (in classification
problems) or a regression function (in approximation problems). For a single training example,
the loss error is computed to measure the performance of this sample. The average of the loss



Research Article Vol. 14, No. 7/1 Jul 2023/ Biomedical Optics Express 3696 |

Biomedical Optics EXPRESS o~

function of the entire training set is called cost function [32]. A cost function is introduced to
measure the performance of the neural network. The commonly used cost function is the mean
squared error (MSE). Different types of loss function are used in the literature, such as root mean
squared error (RMSE) loss or mean absolute error (MAE) loss, for regression loss functions, and
binary cross-entropy or categorical cross-entropy, for classification loss functions.

Cross-entropy is category of probability-based loss functions [33]. For binary classification,
the binary cross-entropy loss function measures how distant from the true value (which is either 0
or 1) the prediction is for each of the classes and then averages these class errors to obtain the final
loss [32]. For multi-class classification, the categorical cross-entropy loss function is applied
when the output can be classified as categorical classes. A technique called one-hot encoding
is employed in multi-class classification to convert the categorical class to binary format, and
the distribution of the predicted and true labels are compared [32]. The standard categorical
cross-entropy (CCE) function is defined in Eq. (1), where N is the number of training samples, K
is the number of classes, yﬁ is the target label for sample n for class k, x,, is the input for sample »
and hy is the model with neural network weights 8 [32].

1 K N
CCE=- Z Zyﬁ - log(ho(xnx)) M

k=1 n=1

PCA is a technique from the field of linear algebra that converts an attribute set to a new dataset
linearly uncorrelated, obtained from the linear combination of the original attributes, so-called
principal components. As the principal components have a sample-like pattern with a weight for
each attribute, we can use the weights to visualize the influence of each attribute on the dataset
[34]. Considering the matrix X,,,p, in which the rows represent the samples and the columns
represent the attributes, each sample is normalized by subtracting the attribute mean (y;) and
dividing by the attribute standard deviation (o7), as shown in Eq. (2).

Xij ~ 1y

fij= ==, j=12...d i=1...N )
J

With the new matrix X (with mean 0), the correlation matrix C is calculated by using the
Eq. (3). From this matrix, the eigenvalues (1) and eigenvectors (V) are obtained.

I P,
DT 3)

C

For the dimensionality reduction, the k eigenvectors associated to the largest eigenvalues are
selected to compose the new dataset (€),), calculated by the Eq. (4). The k eigenvectors are
defined by analyzing the variance explained by each principal component, in which the variance
might be higher than 99%, and the number of attributes is reduced. Then, the variance explained
can be checked by analyzing the Pareto chart, which presents the accumulative variance explained
according to the principal components

Qg; =X- Vka (4)

In this way, by using the PCA technique it is possible to reduce the computational costs by
maintaining similar classification performance, which is interesting for online applications such
as the ones proposed in the POF Smart Pants.

3. Results and discussions

Results of the sensors characterization showed different sensors sensitivities. This difference
is related to the manufacturing process, which eventually presents minor differences between
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sensors, since lateral section parameters (length and depth) as well as the distance between
the LED and the optical fiber’s lateral section may have small differences for each sensor.
All the sensors responses in the characterization are linear fitted (R?>0.9). Tables 1 and 2
present the sensitivities (mV /mm) of the sensors positioned in the both sides of the pants. It is
possible to observe the huge differences between the sensors sensitivities. Fabrication stages
such as the sensitive zone creation and the encapsulation of clear urethane rubber mixture
can lead to differences between sensors, due to the low precision to achieve the same lateral
section parameters and the same coupling of the sensitive zones to their respective LEDs during
the encapsulation. However, the differences between sensors can be solved with the sensors
normalization as a function of their sensitivities.

Table 1. Sensitivities of sensors in the fiber 1.

Sensor | Sensitivity (mV/mm) | Sensor | Sensitivity (mV/mm)
1 568.09 16 1.43

2 34.07 17 1.88

3 25.67 18 2.25

4 9.22 19 2.28

5 15.64 20 2.15

6 13.70 21 31.68
7 11.80 22 27.19
8 7.32 23 18.33
9 20.36 24 173.24
10 127.30 25 160.93
11 34.39 26 200.21
12 16.01 27 52.11
13 14.99 28 22.50
14 7.31 29 54.63
15 4.22 30 61.98

After the sensor characterization, the volunteers (wearing the the POF Smart Pants) are asked
to perform different movements and activities. In this case, the sensors responses are analyzed
for the different activities presented in Fig. 5, where the sensors responses are normalized as
function of their sensitivities presented in Table 1 for the sensors in the left leg, whereas Table 2
shows the sensitivities of the sensors of the right leg. The sensors at similar positions comparing
right and left legs presented different sensitivities, since the sensitivity of each sensors has higher
correlation with the thickness of the PDMS layer as well as the lateral section parameters than
with the position along the smart pants. Thus, the manufacturing procedures of the sensor system
(discussed in Section 2) can lead to differences in the sensors responses due to minor variations
in the lateral section parameters in the POF, which result in variations in the sensor response,
as depicted in [35]. Furthermore, the thickness of the PDMS layer can lead to differences in
the sensitivity, since such layer acts as a diaphragm structure in the sensor system, where the
thickness plays a key role in the sensor sensitivity [36]. Therefore, the minor deviations in the
PDMS thickness in the manufacturing process can also lead to major deviations in the sensors’
sensitivities. The sensors responses are grouped by the similarities of the activities in order to
provide the differences in the responses for similar activities, e.g., the squatting, sitting on a chair
and sitting on the floor activities are grouped as well as the walking fast and slow and front/back
kicks. Thus, three groups of activities are analyzed.

Figure 7(a) presents the time response of sensors 20 for the walking activities. These sensors
were chosen due to their positioning considering the user’s leg, where sensor 20 is close to the
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Table 2. Sensitivities of sensors in the fiber 2.

Sensor | Sensitivity (mV/mm) | Sensor | Sensitivity (mV/mm)
1 19.42 16 4.23

2 334.59 17 13.10
3 52.97 18 152.73
4 15.42 19 366.77
5 68.48 20 509.77
6 21.14 21 400.92
7 305.07 22 513.21
8 200.43 23 370.50
9 29.33 24 9.62
10 224.49 25 4231
11 283.82 26 26.45
12 239.28 27 791

13 388.83 28 19.84
14 106.35 29 2.77
15 24.96 30 4.17

knee region of the volunteer. Thus, the sensors responses resemble the dynamics of such limbs
during the gait cycle, as can be compared with conventional curves in the literature [37]. In
addition, the Fig. 7(b) shows the fast Fourier transform (FFT) of the periodic curves obtained in
all sensors responses. Such responses are related to the cadence in the gait analysis in which the
peaks of the frequency spectrum are related to the cadence of the gait (i.e., number of steps per
unit of time - seconds or minutes), an important spatio-temporal parameter for gait analysis.

The squatting-related activities (squatting, sitting on the chair and sitting on the floor) are
presented in Figs. 8(a), where it is possible to observe the differences in the sensors responses
for each case. The sensors of the trunk region presented higher variations in the sitting on the
chair and floor applications, since there is the contact of the sensor on the chair (or floor). Such
contact does not occur in the case of the squatting activity. Another difference between the
activities is related to the higher displacements on the sensors of the knee region (sensor 20)
when the sitting on the chair and sitting on the floor activities are considered, due to the necessity
of higher flexion angles on the knee region when the volunteer sits on the floor. Furthermore, the
kick-related activities responses are presented in Fig. 8(b). In this case, the comparison between
the sensors responses for front and back kicks indicated the differences in the displacement of the
hip region, which is expected to present opposite directions in the displacement vector related to
the movement direction.

Considering the differences in the sensors responses for all performed activities. The results of
the FFNN classification are presented in Fig. 9. The accuracy and the loss in 40 epochs are 100%
and 0, respectively, which demonstrates that all testing data were correctly classified using the
input data from 60 sensors (30 of each leg). In this case, the predefined activities are compared
with the sensors responses in the training phase of the algorithm, than, in the testing/validation
phases, the activities are estimated from the sensors responses following the trained model. The
accuracy on the activity estimation is obtained by comparing the correctly predicted activities
(and samples) of each case and the total number of samples. Thus, a 100% accuracy indicates
that all activities are correctly estimated/predicted in all cases. This result shows that the number
of sensors can be overestimated, since high accuracy can be achieved with lower number of
sensors, which leads to an easier system fabrication. Moreover, excessive number of features
in the classification introduces additional computational complexity, which can be solved by
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Fig. 7. POF Smart Pants responses (Sensor 20) for walking activities. (a) Time-domain
signal. (b) FFT.

reducing the data dimensionality maintaining the high classification performance. To that extent,
the dimensionality reduction using the PCA leads to a reduction in the computational effort, since
there is a reduction on the number of input features in the model based on the linear combination
of the sensors. From this linear combination, it is possible to obtain the sensors positions (on
both right and left legs) that have higher significance on the activities classification, which lead to
the possibility of reducing the number of sensors in the POF Smart Pants. However, the reduction
in the number of sensors can affect the activities prediction accuracy. For this reason, the number
of components in the sensor system is analyzed as a function of the variance, where the optimal
number of components is the smaller number of components that result in a variance above 99%.
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(Sensor 4).

In order to optimize the number of sensors, the PCA technique is employed on the sensors
responses. By applying the PCA technique to reduce the dimensionality of the classification input
data, the results showed that the reduction to 20 principal components led to variance explained
of 99.16%, i.e., a third of the number of new features (principal components) represents more
than 99% of the data variance in the classification, as presented in Fig. 10. Thus, if the activities
recognition/classification are strictly concerned, there is the possibility of reducing the number of
sensors in the system, which result in smaller computational burden and easiness of fabrication.

Due to the high accuracy of 100% and the high variance explained using only 20 principal
components, a selection of the most significant weights (resulted from the PCA) is performed. This
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selection indicates the most significant sensors without significantly decreasing the classification
performance. The selected most significant sensors of the fiber 1, as well as the fiber 2, are: 7, 8,
10, 14, 17, 18, 19, 22, 26, 28 and 29. These 11 indices are related to LED’s numbering on the
addressable LED strip (top to bottom), as showed in the Fig. 11(a), with a total of 22 sensors.
This selection illustrates the sensors, which present more variability in their responses during the
performed activities.
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Fig. 11. (a) Selected sensors by analyzing the principal components weights resulted from
the PCA technique. Metrics of the FENN model with 30 epochs for activities classification
after the sensors selection. (b) Loss. (c) Accuracy

After the sensors selection, the FFNN-based classification process is repeated with 30 epochs,
since the preliminary classification process using 40 epochs quickly stabilized and it was not
necessary to use so many epochs. The accuracy using 22 sensors converged to 99%, approximately,
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whereas the loss converged to 0.075, as shown in Figs. 11(b) and (c), respectively. These results
showed the possibility of decreasing the number of the sensors, facilitating the manufacturing
process and decreasing the data processing cost, providing a similar classification performance.
In addition, such result in the number of sensors can lead to lower cost of the sensor system. In
this case, considering the cost of the components used in the POF Smart Pants, the cost of entire
system is around 80 USD.

4. Conclusion

This paper presented the development and application of a POF-integrated smart pants for the
assessment of biomechanical and activity recognition. The optical fiber sensors are based on
the multiplexed intensity variation technique in each two POF cables with 30 sensors each are
embedded in the left and right legs of the pants. Each sensor is characterized as a function of the
transverse displacement in order to obtain the sensors sensitivities, which are used on the data
normalization. Then, a volunteer is asked to perform different daily activities wearing the POF
Smart Pants. The results show the ability of the proposed device to acquire the data at different
movement conditions and the possibility of estimating the gait spatio-temporal parameters. In
addition, a FFNN algorithm is applied for the data analysis, where the activities performed by the
user can be classified. The classification results show a 100% accuracy on the data classification
using all 60 sensors, which not only demonstrate the feasibility of the proposed device, but also
open the possibility of further optimization of the number of sensors for the activity classification.
To that extent, the PCA was applied and resulted in a threefold reduction of the number of sensors
needed to obtain 99% accuracy in the activities classification. Therefore, the proposed approach
is a low-cost, highly integrated and fully portable method for lower limb biomechanics analysis
and activities classification that can be applied on remote monitoring of different patients with
the additional possibility of customizing the number of sensors according with the applications
and users. Future works include the integration of the proposed device in a smart environment
and the use of additional sensors systems for movement reconstruction.
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